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CONSIDERATIONSON COLLECTIVE ION ACCELERATION
AS AN INTENSE ION INJECTOR

R. J. Faehland W. K. Peter

AppliedTheoreticalDivision
Los AlamosNationalLaboratory
Los Alamos,New Mexico 87545

Abstract

A virtual cathode collective accelerationcon-
figurationis examined fcr use as a pulsed, intense
ion injector. Numericalcalculationsof’the collec-
tive acceleration have shown peak ion energies cf
several times that of the electronbeam energy. This
is consistentwith a varietyof experiments. The late
time behavior is to accelerateions to lowerenergies
but at a highercurrent. This is characteristicof a
reflex ion triode,which prcducesan ion beam lzrgely
charge but not current neutral ized. Lynamic
neutralization must be achieved if acceleratorap-
plications,requiringtransportand focusing, are to
be realized. Representative appllcationghave been
simulatedand are discussed.

Introductlo:

Intenseion beam generationhas been demonstrated

in a variety of diodeand triodeconfigurations.
1,2,3

The mode in which an intenseelectronbeam is used to
form a virtual cathode downstream of the anode is
referredto eitheras a reflextrioc!eor as a collec-
tive ion accelerator, depending on whether one is
interestedin bulk operatingcharacteristics or peak
ion energies. We consider some of the factorsin-
volved with use of such an ion generator as an
injectorfor conventionalaccelerationconfigurations.
Tt!ebroadersuojectof intenseion beam generationhas
been very adequately covered in “ccent review

papersl‘2’3and will not be detailedfurtherhere.
The characteristics of these virtuai cathode

driven ion generators include multi-kiloampere lon
currents, peak ion energies of a few times the
electronbeam energy (that is, the diode voltage),
long transport (50-100CR,)distanceswithoutexternal

4
m~gneticfieldsand lack of current neutralization.
In fact, the lattertwo characteristicsare intimately
related.

In this paper, we will first i’eVieW simulation
resultswe have obtainedon the accelerationprocess.
These are comparedwith a model for both the transport



calculation are discugazdin which the self-consistent
ior~ beam is injected ?nto an induction accelerator
model. Finally, the ramifications of these calcula-
tions for actual applications are discussed and
directions for further work are suggested.

The simulationmodel for the drift region con-
sists of a dense plasmacylinderthroughwhich a cold
relativisticelectronbeam is injected. The particle-
in-cellcode ISISwas used for all calculations.ISIS
1s a fully electromagnetic, two-dimensional plasma
code, capable of treating all particletrajectories
and the completespace cnarge fields. Injection of
the electron beam occurred at a grounded surface,
whichmay be regardedas an anode foil. Anode-cathode
dynamics,includingthe electronbeam generation,were
explicitlyneglectedin thesestudiesso that the col-
lectivedynamicscould be isolated. Reflexingthrough
the anode foil was also omitted,thoughthis may play
an important role lr)certainparameterregimes(cf.

5,6]Creedon,Smith,and Provo . As reflexingtends to
enhancethe ion generationprocessthe presentresults
may be regarded as a lower bound on generation
performance.

Once the electran beam passes through the
neutralizing plasma, its space-charge1s completely
baredand largeelectrostaticfieldsare created. The
effectof the space-chargefieldsis to deceleratethe
electrons. If there is sufficientspace charge, some
of the electrons can actually be turned aroand.
(Sufficiency here corresponds to the space charge
limiting currentwhich dependson total current,cur-
rent distribution, particle energy and drift tube
geometry.) Since intenseelectronbeamscan be com-
posedof ❑ulti-MeV particles, it is clear that the
fields can be enormous. These same gradLfi?!’)tS of
courseare acceleratingfcr any ion3 present.

The source of ions in our calculationsis well
localized,similarto the experimentalconfiguration

4
of Destler et al,l Extraction of ions dependsto
some extenton the Ilatureof this sowce, but the max-
imum current which can be drawn in the abser,ceof
reflexingis the space-charge limited emission. We

K

dcan have no higher currentdensitythan ji- ~:2 Je.

i
If all th~ initial electron current were reflected
this would effectively double Je. (If the same

electronreflexesbetweenthe A-K gap and the virt~al
cathode many times,je can be proportionatelyhigher.



Thus, reflexing can enhance ion generation over the
initial diode parameters. ) Th? virtual cathode can
oscillate at high frequencies but if we assume that
ion inertia averages this rapid fluctuation to zero,
then the net ion ~otlon will experience i steady
p(.tentlal drop. Under these conditions, the quantity
nvz is approximately conserved as a function of z.

Since Vz is initially on the order of its thermal

value within the plasma, acceleration to MeV energies
will increase this by a significantfactor. In turn,
thiswill reducethe ion density. Thus with Ji<<je,

it is virtually impossiblefor the ions to neutralize
the virtualcathodein this configuration. In other

‘orals’‘or ‘i>ne at the virtualcathode,we would need

Ji>>je. The importantresulthere is: we should not

expect ion acceleration to caustithe virtualcathode
to move downstream.

Once acceleratedthroughthe virtualcathode,the
dynamicsbecomemuch more complicated. Since we are
interested in acceleratorapplications,it is useful
to considerthe asymptoticstate in which we are in-
terested and estimate the problems in accessingit
from the virtualcathodeion beam state.

The desired asymptotic statefor ions is one of
zero temperature,or alternativelyzero emittance. We
assumea nonrotatingstate. If one imposesthe condi-
tion that it transports without focusing or
divergence, the momentumtransferequationleadsto a
uniquerelationbetweenthe self electrinand magnetic
fields,

Er
= ‘iBe (1)

in cylindricalcoordinatesand fli= vz/c for the long.

If it is furtheraasumedthat Bi is roughly constant

over the radius of the ion beam, it is easilyshown
that no suck field configurationcan be establishedby
a single species beam. By introducinga co-flowing
electronbeam, not necessarilywith Be - 13i,a force

balanced state is possible. One finds the ansatz,
that Be and Bi are uniformthroughthe cross section,

leadsto the result from

Zni = ne ‘-61Be

I-ljz

Eq. (l),

(2)



where ni and ne are the ion and electron densities,

functions of r, and Z is the ionic charge state. The
density profiles are still arbitrary at this point but
they are directly proportional to each other.

Tc, close the formulation of the state, note that
we imposed the condition that the ion state be
nonex$anding. Since ni a ne, the electrons ❑ust

satisfythe same condition. We find that an equation
similar to (1) can not be satisfiedby the electrons
unles9Be = $1. This chargeand current neutralized

state is well known but is quiterestrictivefor ;n-
tense beam generation. If electron pressure is
included, another well known but less restrictive
stateis recovered, the pinched beam state. The equa-
tion of state for the electrons depends on the
physicalconfigurationbut a particularlysimplesolu-
tion is obtainedif it is isotropic. Then Pe = nekTe,

leadsto

‘o
n
‘=[~+ (r/a)2]2

(3)

when the electrontemperature,kTe, is uniform,and

2kle 1-1312

‘o - ~:
(Be-Bi)2 “

..

(4)

The scalingparametera Is relatedto no once the to-

tal current is specified. From these, one can
evaluatethe total ion current 14 if the outer wall

radiusRo>>a,

2BA28i(l-aiBe)

(6e-ei)2

mec~
● —
e

zwhere & = kTe/mecz and

thiscurrentdivergeswhen

re3triction9.

(51

3mc /e - 17. kA, Note that

8e+Bi, implyingno current

A seriesof PIC simulationswere conducted with
ISIS to check these assertions. The numericalcon-
figuration was that a cylindrical pillbox shaped
plasma, 2 cm wide and 10 cm diameter,was initialized
.Idjacentto a grounded,conductingplane. The outer
wall had a radius of 10 cm, and the total lengthwas



10 cm. An intense relativistic electron beam of
radius 4 cm was in.jettedthrough this plasma, starting
at time t - 0. (Code units scale time to wp =

(4me2n0/m)l’2 and distance to c/wp.) A virtual

cathode formed outside the plasma and drew out an ion
beam. This beam then propagateddownstream,carrying
electroncurrentwith it. To minimize calculational
times an unrealisticallyenergeticelectronbeam was
chosen,but the ion/electronmass ratio was kept ?t
1836,that.is protons.

Figs. (la) and (lb) show the early (wpt = 20)

phase space pz- z of the electronand ion ‘beams”and

Figs. (2a) and (2b), their late time (upt = 80)

counterparts. We note that the initial reflection

pointof the electrons?n Fig. la is at z = 4.2, while

it has moved only to z = 3.0 - 4.0 in Fig. 2a. This
lackof motioncorrespondsto times for which the ion
beam has propagated through the box. Extensive
simulationsover a wide range of energy and current
have confirmedthis behavior. The ion beam energyand
densityprofileare monitored at the far downstream
edge of the simulation. Fig. 3 shows this time in-
tegrateddensityprofilecomparedto a crudely fitted
distributionof the tyDe in Eq. (3). The agreementis
quite good despite the fact that (3) assumed an
asymptotic state ar,dthe profilein Fig. 3 had only a
a~ort distance to equilibrate. Since the initial
p?a3ma profile wa:;uniformout to a radiusof 5.0 cm
and the measured distribution of ions has already

pinched to a state with a = 1.0, it is plausibleto
assertthat there is no problem wi’,haccessing the
$tate derived zbove. The chief problemwith the cal-
culatedstate is that a large amount of transverse
emittanceis alSO ❑Ied3Ured.This is presumablydue to
lackof care in matchingthe initial ion beam gener-
ation to the finaldesiredstate.

A finalpointabout the ion beam is important.
The timedependentfront ed~e of the ion beam/electron
cloadscan lead to additlo~alacceleration which im-
poses a velocity gradient on the ion beam.
simulationsshow thisclearly.- Models which lead to
this charhcteriatic have been proposedby Reiser,et

al..7,Yako and Tajlma,
8 Ryutov and Stupakov,9 and

10
us. Our recentcalculationssuggestan interesting
scalingof the ratio of peak energy to diode voltage
as a function o!’beam currel~t, v/Y, where v =
~ 2

‘“;‘bRb
/mc2, Rb is the electron beam radius, nb its

density and Y its relativistic factor, Fig. 4 shows



that this ratio scales as roughly (v/Y)
0.4

when the
current exceeds the space charge limit, VL/Y - 0.16

for these conditions. Although the reason for this
apparent scaling i3 unknown,it could be very useful
in explaining the large variation in peak ion energy
reported for collective ion accelerationexperiments
in the literature.

InJectionIntoan AcceleratingStructure

There are many issues which must be addressed
beforethe ion generato~sdiscussedhere will be fully
satisfactoryas pulsedin.jectors.The primarycharac-
teristic is that self-consistentcollectiveeffects
dominateall aspectsof the process,i eludingextrac-
tion from a dense plasma, acceleration throughthe
virtualcathode and subsequent propagation and ac-
celeration downstream. Spacelimitationsprohibita
more completediscussionof theseinterestingtopics,
but they cannot be ignored. They lead to a charac-
teristic profile for the ion beam, characteristic
energydistributions,and dynamicswhich are dominated
by the self-fieldsof the ensemble. These may be ex-
ploited,as in electrostaticand Robertsonlenses,but
any seriousapplicationsrequirea full treatment of
th’~,

..Weconcludewith a simple,illustrative example
employing a four gap induction accelerator, The
parameters and dimensions are purely generic.
Further,no exte~nalfieldswere used for transportor
pulse shaping. The intrinsiccharacteristicsof this
configuration were probedby in.jectlnga low current.
protonbeam into it. The configurational and phase
space character can be $een in Fig. 5, a snapshot
takenat upt - 500. Next, an intense ion beam was

generated in the mannerdescribedearlierand allowed
to propagateinto the accelerator. The injected ion
energy for both high and low currentcases with 2.0
MeV, Fig. 6 illustrates some of the features of the
transport of the intense ion beam through the induc-
tion accelerator structure. Collective focusing and
secondary virtual cathodes are evident, especially :,1
the first gap. Comparison of Figs. 5 and 6 shows the
dominance ef collective effects in intense beam
acceleration.

Basedon these preliminarynumericalstudies,the
primaryconclusions are tk.atmuch more needs to be
done before the collective dynamics can be .ssffl-
ciently understood to be evaluated. Continued
analysisand simulationis planned.
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Figr 1 Electron and ion phase space shortly after
virtual cathode formation (uPt=20),

mi/mb=1836,
lb’1L=5”0;

(a) election Z-pz

space, (b) ion z-p- space.
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Fig 2. Electronand ion phase spaceafter ion flow is
weil established (u t=80),same parametersas

P
in Fig. 1,

Fig. 3 Radial prGflle of ion beam at a distance 8 cm
from the initial plasma source; dashed line
shows Eq. (3) with a-1.O; same parametersas.. .
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Fig. 4 Ratio of peak ion energy to electron beam
energyas a functionof injectedelectroncur-
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Fig.5 Ion r-z and Z-pz phasespace for I.OWcurrent

ion acceleration ?n an inductin accelerator
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‘f = 6.4 Mev.
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